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The anaerobic thermophilic co-digestion of mixtures of the organic fraction of municipal
solid waste (OFMSW) and the liquid fraction from the hydrothermal carbonization (LFHTC)
of dewatered secondary sludge was studied. Mixtures with a low OFMSW to LFHTC
ratio (50, 75, and 100% LFHTC) exhibited accumulation of volatile fatty acids (VFA) as
well as low degradation of organic matter and methane production. However, the mixture
containing 25% LFHTC performed quite well in terms of methane production: (179 ± 3)
mL CH4 STP g
−1 CODadded, which was only slightly lower than the value obtained with
100% OFMSW. The experimental results fitted the modified Gompertz model reasonably
well and the maximum methane production rate for the mixture containing 25% LFHTC
(11.96mL CH4 g
−1 COD d−1) was 29.3% higher than that obtained with the substrate
with 100%OFMSW. Therefore, centralized co-digestion of OFMSW in mixtures with 25%
LFHTC seemingly provides an effective method for valorizing the latter substrate.
Keywords: biochemical methane potential (BMP), co-digestion, dewatered sewage sludge, hydrothermal
carbonization, organic fraction of municipal solid waste (OFMSW)
INTRODUCTION
Thermochemical conversion processes are typically used to convert biomass into valuable products
or biofuel. Specifically, hydrothermal carbonization (HTC) at 180–260◦C under auto-generated
pressure is a promising method for converting wet biomass (Tekin et al., 2014; Kambo and Dutta,
2015). Thus, HTC converts biomass into a valuable solid product called “hydrochar” in addition
to a liquid fraction (LFHTC) and a gas stream. HTC is especially suitable for biomass waste with a
high moisture content such as sewage sludge produced in wastewater treatment plants (WWTP).
Because this hydrochar possesses a high heating value (ca. 22MJ kg−1), hydrothermal conversion of
sewage sludge can be an effective, inexpensive choice for its management. Also, the resulting liquid
fraction (LFHTC) has a total chemical oxygen demand (COD) of nearly 100 g O2 L−1 (Villamil
et al., 2018), which justifies its valorization to recover organic matter up to 15% of all initial carbon
(Broch et al., 2014).
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The liquid fraction obtained by HTC of organic waste is used
as feedstock for chemical production or recycled in consecutive
HTC runs to improve carbon yield (Xiao et al., 2012; Stemann
et al., 2013); also, it can be subjected to wet air oxidation, aerobic
degradation or anaerobic digestion (Eibisch et al., 2013; Becker
et al., 2014; Smith and Ross, 2016). However, the presence of
recalcitrant compounds formed during the thermal treatment
(furfural, phenols, furans, pyrazines, and pyridines) detracts from
methane yields in anaerobic digestion (Becker et al., 2014; Danso-
Boateng et al., 2015; De la Rubia et al., 2018b; Villamil et al.,
2018).
One of the advantages of co-digestion processes (viz., the
simultaneous digestion of two ormore substrates) is that it dilutes
toxic compounds (Angeriz-Campoy et al., 2015). This makes co-
digestion of LFHTC with another organic waste a suitable choice
for LFHTC valorization. Anaerobic co-digestion is by now a well-
established technology (De Clercq et al., 2017; Hagos et al., 2017;
Komilis et al., 2017), and co-digestion of sewage sludge (SS) and
the organic fraction of municipal solid waste (OFMSW) is most
widely explored combination (Mata-Alvarez et al., 2014).
OFMSW anaerobic digestion is a widely used green method
and an advantageous alternative to traditional management
choices for organic solid wastes (e.g., landfill refuse) with
reduced methane emission and energy production (Fernández-
Rodríguez et al., 2015). However, the usual practice of performing
OFMSW digestion under mesophilic conditions necessitates
revision and improvement. In fact, processing OFMSW at
a thermophilic temperature rather than at mesophilic levels
affords high waste loads, increased biogas production, and
effective destruction of pathogenic microorganisms, which leads
to improved hygienization of solid waste material for use on
land (Mata-Alvarez et al., 2014). Also, using a digestion co-
substrate can increase biogas production or even methane
yield in traditional anaerobic digestion processes for organic
wastes (Martín-González et al., 2011). LFHTC can be an
useful co-substrate for this purpose on account of its high
organic matter content (Villamil et al., 2018). In addition,
anaerobic co-digestion could aid the process by balancing the
C:N ratio and increasing buffering capacity (Capson-Tojo et al.,
2018). However, optimizing co-digestion requires using the best
possible blend to exploit synergistic and complementary effects,
as well as to maximize methane production while avoiding
inhibition (Sensai et al., 2014).
In this work, we explored the batchwise anaerobic co-
digestion under thermophilic conditions of mixtures of the liquid
fraction from the hydrothermal carbonization of dehydrated
sewage sludge and the organic fraction of municipal solid
waste in variable ratios with a view to improving methane
yields in relation to the processing of either substrate alone.




The starting anaerobic digestate was collected from a full-scale
mesophilic reactor processing OFMSW from a municipal solid
waste treatment plant (MSWTP) in the Spanish region ofMadrid.
The mixed anaerobic culture used as thermophilic inoculum
was obtained by directly switching from mesophilic (35◦C) to
thermophilic conditions (55◦C) according to De la Rubia et al.
(2013). The main properties of the inoculum were as follows:
pH 8.2 ± 0.1, total solids (97.9 ± 0.4) g TS kg−1; volatile solids
(45.3 ± 0.5) g VS kg−1; and total chemical oxygen demand (36.6
± 3.3) g O2 L−1.
Substrates
Co-substrate 1
OFMSW was collected from the waste reception area of the
aforementioned MSWTP. Although the solid waste delivered at
the treatment plant is source segregated at household level, it
still contains considerable amounts of plastic, paper, cardboard,
metal, and glass. An amount of ∼100 kg of OFMSW was sorted
by hand and its non-OFMSW portion removed prior to grinding
in a mill. Finally, the shredded organic waste was sieved to a final
particle size smaller than 0.02m for use. This substrate contained
(24.5 ± 2.9)% C, (1.6 ± 0.5)% H, (1.9 ± 0.2)% N and (0.1 ±
0.05)% S, and its main characteristics were as follows: (437 ± 9)
g TS kg−1; (283 ± 3) g VS kg−1; and total COD (1157 ± 10) mg
O2 g−1 TS.
Co-substrate 2
LFHTC was obtained by hydrothermal carbonization of
dehydrated sewage sludge, with an 85% moisture content,
collected from a full-scale membrane bioreactor processing
industrial wastewater from a cosmetics factory. The substrate was
stored at −20◦C until use. HTC was performed by using 1.5 kg
of dewatered sludge in an electrically heated 4 L ZipperClave R©
pressure vessel at 208◦C. The operating temperature was reached
at a heating rate of 3◦C min−1 and held for 1 h. The reaction
was stopped by cooling with an internal heat exchanger using tap
water. The slurry obtained (470 g of wet hydrochar and 530 g of
LFHTC for each kg of wet material treated) was centrifuged at
3,500 rpm for 1 h, filtered (Albet FV-C, 0.45µm) and stored at
4◦C until anaerobic digestion. HTC allowed obtaining a dry basis
hydrochar with 40.1% yield, 21.6 MJ kg−1 heating heat value and
the following elemental composition: 43.1% C, 5.8% H, 0.2% S,
and 4.6% N.
The composition and main properties of the LFHTC were
as follows, each given as the average of three determinations ±
standard deviation: pH 5.1 ± 0.1, (94.6 ± 2.0) g L−1 soluble
COD (SCOD), (42.6 ± 1.7) g TOC L−1, (55.7 ± 0.5) g TS L−1,
(46.2 ± 0.5) g VS L−1, and (8.7 ± 0.1) g L−1 total Kjeldahl
nitrogen (TKN). This co-substrate was analyzed byGC/MS (De la
Rubia et al., 2018a), which allowed the identification of nitrogen-
containing species (pyrazines and aromatic amines) and oxygen-
containing aromatic compounds (phenols and furans).
Experimental Set-Up
Anaerobic co-digestion runs were done batchwise in 120mL glass
serum vials that were kept under thermophilic conditions (55
± 1◦C) in a Julabo thermostatic water bath shaker operating at
80 rpm. The operational sequence used in each run comprised
9 fed reactors and 3 controls. The fed reactors were initially
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loaded with the required amounts of the two co-substrates, six
being sacrificed and removed each day initially and then weekly
until the end of the experiment, in order to assess changes
in chemical parameters at different times during the anaerobic
digestion process. The other three reactors were used for biogas
analysis (volume and composition) only. Methane production
through biomass decay, and residual substrate potentially present
in the inoculum, as determined in the controls, were subtracted
from the experimental values. All experiments were allowed to
develop until no significant gas production was observed and
biodegradation was thus essentially complete as in the controls
with starch (ca. 350mL CH4 g−1 CODadded), which took ∼55
days.
Batch co-digestion runs used an inoculum concentration of
15 g VS L−1 and an ISR value of 2.0, on a COD basis, as widely
recommended (Raposo et al., 2011b; Alzate et al., 2012; Pellera
and Gidarakos, 2016; Villamil et al., 2018). The co-substrates
were used in different ratios, namely: 0, 25, 50, 75, and 100%
LFHTC, all on a COD basis. A basal medium of macro- and
micronutrients was prepared according to Villamil et al. (2018).
Also, a 10% (v/v) solution of 50 g NaHCO3 L−1 was used to
obtain a TA value of 3.4 g CaCO3 L−1 at the beginning of the
reaction (time zero). Finally, the reactors were filled up to 60mL
with distilled water, the reaction medium being flushed with N2
for 3min in order to ensure anaerobic conditions and the vials
sealed with rubber stoppers and metal crimps.
Analytical Methods
Dry matter, TS and VS were determined according to standard
methods 2540B and 2540E (APHA, 1998), and total COD
according to Raposo et al. (2008). pHwasmeasured with a Crison
20 Basic pHmeter. Partial alkalinity (PA) and total alkalinity (TA)
were determined by titration to pH 5.75 and 4.3, respectively
(Jenkins et al., 1983). Intermediate alkalinity (IA), defined as
the difference between TA and PA, and SCOD were assessed by
closed digestion and with standard colorimetric method 5220D,
respectively (APHA, 1998). TKN was measured as described
elsewhere (Villamil et al., 2018); total ammonia nitrogen (TAN)
by distillation and titration according to standard method 4500E
(APHA, 1998); and free ammonia nitrogen (FAN) according to
Hansen et al. (1998). The elemental composition of the inoculum
and co-substrates was determined with a LECO CHNS-932
CHNS analyzer. The concentrations of individual volatile fatty
acids (VFA) from acetic to heptanoic, iso forms included, were
determined on a Varian 430 gas chromatograph equipped with
a flame ionization detector (FID) and a capillary column filled
with Nukol (polyethylene glycol modified by nitroterephthalic
acid) according to De la Rubia et al. (2018a). Biogas and
methane production expressed at standard temperature (273K)
and pressure (1 bar) were measured once daily over the first 3
days and 12 more times through the incubation period. H2, CO2,
and CH4 were determined on a Thermo Scientific Trace 1300 gas
chromatograph equipped with a thermal conductivity detector
(TCD) and a 8 ft × 1/8 in SS column packed with HayeSep Q
80/100 mesh (De la Rubia et al., 2018a).
RESULTS AND DISCUSSION
pH, Alkalinity, and Ammonia Nitrogen
The pH values at the end of the co-digestion process were 8.1–
8.2, and hence very similar in all runs and typical for anaerobic
digestion under thermophilic conditions (Sosnowski et al., 2008;
De la Rubia et al., 2013). These values are suitable for growing
methanogenic Archaea, which are extremely sensitive to pH
changes (Wang et al., 2014).
Table 1 shows the TA, PA, and IA/TA ratios, as well as the
final TAN and FAN value. As can be seen, TA ranged from
10.3 to 11.3 g CaCO3 L−1 and was thus high enough to ensure
acceptable buffering capacity. In fact, an IA/TA ratio lower
than 0.3 ensures efficient operation of anaerobic processes, so
the buffering capacity of the medium was adequate. Hydrolysis
reactions are favored by thermophilic conditions, which boost
protein degradation and ammonia nitrogen production as a
result (De la Rubia et al., 2013). Nitrogen is essential for
protein synthesis and primarily a nutrient for microorganisms in
anaerobic digestion; on the other hand, TAN has some buffering
effect on anaerobic digestion systems. Nitrogen in the form of
ammonium ion (NH+4 ) can react with bicarbonate ion to form
NH4HCO3. However, ammonia (NH3) has been suggested to
be the active component inhibiting microbial methanogenesis
(Fricke et al., 2007). The free ammonia level depends mainly
on three parameters, namely: TAN concentration, temperature,
and pH (Hansen et al., 1998). An increase in pH results in a
marked concentration increase in free ammonia (e.g., 8 times
for a pH rise from 7 to 8; Yangin-Gomec and Ozturk, 2013).
As can be seen, TAN ranged from 2,044 to 2,212mg L−1
and FAN from 709 to 791mg L−1. According to Chen et al.
(2008), TAN concentrations over the range 1,500–7,000mg L−1,
which is very broad and encompasses a variety of substrates
and conditions, can inhibit methanogenesis. Our TAN values
fell slightly above the lower limit of inhibition but were very
far from the upper limit. As consequence, slight inhibition
of methanogenic activity by ammonia nitrogen might have
occurred. However, our FAN values were lower than the limit
reported by Hansen et al. (1998) for inhibition in the anaerobic
degradation of swine manure in batch cultures (1.1 g L−1).
As can be seen from Table 1, FAN increased with decreasing
OFMSW/LFHTC ratio, probably due to the intimate relationship
between the pH of the medium, higher than 8 in all runs,
and the proportion of ammonia/ammonium as a function
of temperature.
Volatile Fatty Acids and Soluble COD
VFA evolution is central to the development of anaerobic
digestion. Figure 1 shows the VFA profile obtained at the end
of the experiments with the different OFMSW/LFHTC ratios
studied. As can be seen, accumulation of VFA such as propionic,
isobutyric, isovaleric, and valeric increased with increasing
proportion of LFHTC. The presence of these acids has a negative
effect on methane production; in fact, the acids are difficult to
degrade (particularly propionic), so their accumulation can lead
to inhibition of methanogenic Archaea. De la Rubia et al. (2013)
reported that thermophilic conditions tend to generate high
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TA (mg Ca CO3 L
−1) PA (mg CaCO3 L
−1) IA/TA TAN (mg L−1) FAN (mg L−1)
0 10,343 ± 115 7,775 ± 39 0.25 2,156 ± 15 709 ± 10
25 11,042 ± 228 8,246 ± 237 0.25 2,163 ± 10 745 ± 7
50 11,299 ± 69 8,191 ± 56 0.28 2,198 ± 8 757 ± 8
75 11,299 ± 76 8,038 ± 6 0.29 2,212 ± 17 775 ± 12
100 10,660 ± 76 7,473 ± 28 0.30 2,044 ± 20 791 ± 12
FIGURE 1 | VFA profile (expressed as mg L−1) at the end of the experiments with substrates of variable composition.
concentrations of VFA in the medium, which coincides with
the results obtained experimentally. As can be seen in Figure 1,
using a proportion of LFHTC higher than 50% led to a propionic
acid concentration exceeding 850mg L−1. Wang et al. (2009)
found that propionic acid concentration of 900mg L−1 led to
considerable anaerobic digestion inhibition. This propionic acid
concentration was also found to have inhibitory effects by Qiao
et al. (2013) in processing the supernatant of hydrothermally
treated municipal sludge in an upflow anaerobic sludge blanket
reactor. In fact, conditions with of LFHTC higher than 50%
reached lower methane yields, as more forward will be checked.
Table 2 shows the SCOD values at the end of the experiments.
As can be seen, there were two clear-cut trends. Thus, the
mixtures with the highest proportions of OFMSW (100 and
75%) exhibited the lowest SCOD values. Since the initial COD
concentration was identical in all trials, these runs were those
providing the highest methane yields. On the other hand, the
mixtures with high proportions of LFHTC (50, 75, and 100%)
led to high SCOD levels (i.e., to less efficient degradation of
organic matter and hence to decreased methane generation).
As expected, the runs with high SCOD values also led to high
VFA concentrations. VFA, in mg COD L−1, accounted for a











0 2,918 ± 8 430 ± 1 14.7
25 4,149 ± 31 892 ± 7 21.5
50 7,176 ± 9 2,259 ± 9 31.5
75 7,664 ± 9 2,317 ± 13 30.2
100 6,338 ± 23 3,776 ± 15 59.6
substantial fraction of SCOD in the samples containing more
than 50% LFHTC, probably as a result of its partially inhibiting
the methanogenic population.
Methane Production and Kinetics
Figure 2 shows the time course of methane yield, in mL
CH4 STP g−1 CODadded, in the anaerobic co-digestion runs.
Methane production at the end of the runs ranged from (51
± 1) to (209 ± 1) mL CH4 STP g−1 CODadded for the
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FIGURE 2 | Time-course of methane production in the experiments. Symbols represent experimental values and the solid lines predicted values.
individual substrates (LFHTC and OFMSW), respectively, while
methane yields relative to the theoretical value (350mL CH4
g−1 COD) were 14.6 and 59.6%. The maximum theoretical
methane production was never reached because some organic
matter is usually inaccessible, some compounds are difficult to
degradable and a fraction of the substrate is used for cell growth
and maintenance (Raposo et al., 2011a). The highest yields
were obtained in the runs involving the highest proportions
of OFMSW (100 and 75%); on the other hand, methane
production decreased with increasing LFHTC content in the
mixture. The OFMSW substrate contained large amounts of
organic matter of easy degradation by anaerobic microorganisms
and thus had a high potential for biogas production. By contrast,
the LFHTC substrate contained recalcitrant compounds (viz.,
nitrogen-containing species such as pyrazines and aromatic
amines, and oxygen-containing aromatic compounds such as
phenols and furans) and such compounds were difficult to
degrade and led to lower methane yields (De la Rubia et al.,
2018b).
A comparison of the methane yields obtained in the runs with
100 and 75% OFMSW under thermophilic conditions [(209 ±1)
and (179 ± 3) mL CH4 STP g−1 CODadded, respectively] with
those obtained under mesophilic conditions [(194 ± 1) and (188
± 1)mLCH4 STP g−1 CODadded, respectively] (De la Rubia et al.,
2018a), revealed an increase by 7.7% with 100% OFMSW under
thermophilic conditions, but similar yields with 75% OFMSW.
Cabbai et al. (2013) studied the anaerobic co-digestion of
OFMSW and sewage sludge obtaining a similar trend in methane
yield by reducing the proportion of OFMSW in the starting
mixture. Also, our yields were lower than those reported by Qiao
et al. (2011) for the anaerobic digestion of the liquid fraction
from the HTC of mixed (primary and secondary) sewage sludge
(257mL CH4 g−1 COD). However, these authors performed
HTC at 120–190◦C, which is much lower than the temperature
used here (208◦C). In any case, Wirth et al. (2015) obtained
similar methane yields (120–180mL CH4 STP g−1 CODadded) by
using the liquid fraction from HTC of digested sewage sludge as
their sole substrate in the continuous feed mode.
Methane yields were fitted to the modified Gompertz model.
The model uses a sigmoidal function similar to a time series
where the growth rate is very low at the beginning and end
(Amiri et al., 2017). This equation is probably one of the
best functions for predicting biogas production in batchwise
anaerobic digestion processes; also, it has been calibrated and
tested with large amounts of experimental data by a number of
researchers (Donoso-Bravo et al., 2010; Li et al., 2011; Amiri et al.,
2017).
In the modified Gompertz model, cumulative methane
production is related to digestion time by the following equation:
B = Bm exp[−exp[(Rm e/Bm) (λ − t)+ 1]] (1)
where B is the cumulative methane production at time t (mL
CH4 g−1 CODadded), Bm the maximum methane production
or methane yield potential (mL CH4 g−1 CODadded), Rm the
maximum methane production rate (mL CH4 g−1 CODadded d),
λ the lag time (d), t the digestion time (d) at which methane
production is calculated and e denotes exp(1) = 2.7183.
Parameters Bm, Rm, and λ for each run were calculated by using
the non-linear regression routine in the software SigmaPlot 11.0.
Table 3 shows the values of the model parameters for each run
as obtained with the modified Gompertz model. As can be seen,
the model fitted the experimental data quite acceptably, with
low standard errors of estimate (SEE). The differences between
the experimental and calculated values of Bm were smaller
than 5% in most cases. On the other hand, the determination
coefficients exceeded 0.99 in almost all. A decrease in theoretical
ultimate methane yield with increasing proportion of LFHTC
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TABLE 3 | Parametersa of the Modified Gompertz model for the individual substrates and the co-substrate mixtures.
Substrate composition (% LFHTC) Bm(mL CH4 g
−1 COD) Rm(mL CH4 g
−1 COD d−1) λ (d) R2 Errorb (%) SEEc
0 197 ± 7 9.25 ± 1.04 4.9 ± 1.1 0.982 5.8 11.52
25 162 ± 4 11.96 ± 1.38 10.7 ± 0.8 0.989 9.4 8.02
50 138 ± 2 9.87 ± 0.72 14.6 ± 0.5 0.996 3.5 4.25
75 84 ± 2 6.12 ± 0.51 14.7 ± 0.6 0.995 3.8 2.94
100 51 ± 2 5.33 ± 0.29 19.7 ± 0.2 0.998 0.3 1.15
ap-values were <0.0001 for all parameters.
bError [(Bmexperimental – Bm model )/Bmexperimental ].
cSEE, Standard error of estimate.
was observed. The substrate mixture containing 75% OFMSW
exhibited a smaller value than the sole OFMSW substrate.
However, the ultimatemethane yield was considerably lower with
all other substrate compositions, (138, 84, and 51mL CH4 STP
g−1 CODadded, respectively). The highest methane production
rate was that for the mixture 75% OFMSW−25% LFHTC:
11.96mL CH4 g−1 COD d−1, which was 29.3% higher than
that for the 100% OFMSW. Also, increasing the proportion of
OFMSW decreased the maximummethane production rate from
11.96 to 5.33mL CH4 g−1 COD d−1. In addition, the lag time
increased considerably (from 4.9 to 19.7 days) as the proportion
of LFHTC in the mixture was increased as a result of the presence
in this substrate of complex organic acids and other inhibitory
substances that are difficult to degrade anaerobically.
CONCLUSIONS
Thermophilic anaerobic co-digestion of OFMSW and LFHTC
mixtures failed to increase methane yield with respect to the
anaerobic digestion of OFMSW alone; also, no synergistic effect
was observed. However, a mixture containing 25% LFHTC
provided methane yields very close to those obtained with 100%
OFMSW. This substrate combination provides an alternative
management method for this waste (LFHTC): co-digestion
with OFMSW. Methane production decreased with increasing
content of LFHTC in the mixtures because this substrate
contains recalcitrant compounds that are difficult to degrade
by methanogenic microorganisms. However, anaerobic tests
with mixtures containing more than 25% LFHTC inhibited
methanogenesis through increasing accumulation of VFA as the
proportion of this substrate in the mixture was increased. The
time course of methane production fitted the modified Gompertz
model quite well.
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